Introduction {#Sec1}
============

The development of bioactive and biocompatible surfaces as building blocks for biomaterial construction has recently drawn much attention \[[@CR1]\]. In this context titanium, a very promising biocompatible material, is extensively used in dentistry for manufacturing dental implants and in orthopedics for bone-anchoring systems \[[@CR2], [@CR3]\]. Its surface chemistry and structure are prime factors governing bone integration \[[@CR4]\]. However titanium and its alloys are bioinert and when they are used for osseointegration a fibrous tissue of variable thickness may form encapsulating and isolating the implants from the surrounding environment \[[@CR5]--[@CR7]\].

In order to further improve the biocompatibility and applicability of titanium a bioactive layer should be produced. For this purpose, many physical and chemical surface modification processes have been implemented such as plasma spraying, dip coating, chemical vapor deposition and electrophoresis \[[@CR7]--[@CR11]\] in order to cover titanium surface with ceramics such as bioglass glass--ceramics and especially hydroxyapatite \[[@CR12]--[@CR14]\] as these materials can bond directly to living bone or tooth when used as replacement materials. However, the coatings developed to date have not led to the expected results, mostly due to the lack of surface tailoring for efficient osseointegration coupled with inefficient coating adhesion to the implant surface and non-uniformity across the thickness of the coating \[[@CR15], [@CR16]\].

Similarities of hydroxyapatite to natural bone or tooth in structure, crystal size, as well as proper control of composition, crystallinity and surface area, during the coating process, are crucial factors for the functionality of the composite structures. Biologically mineralized apatite crystals are typically formed in an organic matrix with precise regulation of synthetic mechanism through proteins that play a key role in templating the structure of bone tissue. In order to synthetically prepare apatite having the same crystal structure and dimensions as in bones, biomimetic routes have been developed employing polymers such as monosaccharides \[[@CR17]\] and related polymers \[[@CR18], [@CR19]\] or more recently dendrimers \[[@CR20]--[@CR25]\] to modulate crystal nucleation and growth.

The most critical stage in biomimetic synthesis involves the utilization of macromolecules having shape and dimensions analogous to those of proteins and bearing functional groups capable of producing a biosynthetic effect similar to that of the proteins in a living organism. Therefore, for the biomimetic synthesis of hydroxyapatite a large number of natural and synthetic polymers has been investigated. Among them, dendrimers and hyperbranched polymers (collectively referred to as dendritic polymers) are very promising candidates as artificial proteins since they have a three-dimensional well defined chemical structure, similar size and weight \[[@CR26]\] and can also have positive, or negative, charged surfaces.

One of the most challenging aspects of this technique is that the biomimetic polymer could be stably bound to the surface through chemical bonds that are not susceptible to chemical cleavage by substances present in the biological milieu (e.g. enzymes). The scope of the work is to produce a hydroxyapatite layer, with characteristics similar to those of biogenic apatite, firmly attached on the titanium surface. This approach includes surface activation by proper chemical pretreatment, chemical bonding with an appropriately functionalized siloxane polymer intermediate layer and subsequent chemical attachment of hyperbranched poly(ethylene imine) (PEI) that are able to promote the formation, by a so-called biomimetic approach, of a firmly attached calcium phosphate layer. The bioactivity of this layer was evaluated with experiments in simulated body fluid (SBF).

Experimental {#Sec2}
============

Materials {#Sec3}
---------

Hyperbranched poly(ethylene imine), PEI, (Mn = 5,000) was purchased from Hyperpolymers INC. The primary:secondary:tertiary amino groups ratios of PEI (1:1.15:1) was estimated by inverse gated ^13^C NMR. (3-chloropropyl)triethoxysilane (\>95%) was purchased from Aldrich and used as received. Ultapure Millipore water was used throughout this study.

Ti substrates preparation {#Sec4}
-------------------------

### Ti polishing {#Sec5}

Titanium coupons (cpTi, 1 mm thickness, Alfa Aesar) were prepared by cutting 10 × 10 mm squares and treating their surface mechanically to different polishing levels to assess the effect of surface morphology and roughness on coatings development. For this purpose, three coupon categories with different levels of surface polishing were produced: (a) as received; (b) ground by \#400 to 1,000 grit silicon carbide (SiC) metallographic paper; and (c) ground by \#400 to 4,000 grit SiC paper followed by final polishing on a polishing cloth (MD Struers) using a colloidal SiO~2~ (0.04 μm) suspension (Struers OP-U). The roughness values obtained (Mahr Perthen Profilometer) for the as treated samples are summarized in Table [1](#Tab1){ref-type="table"}. The as prepared samples were ultrasonically cleaned in successive baths of water, acetone and ethanol for 20 min each followed by a final ultrasonic washing with water for 10 min.Table 1Roughness values of Ti surface after different polishing treatmentsSampleMean roughness, Ra (μm)Maximum roughness, Rmax (μm)As received0.44 ± 0.053.78 ± 0.6Polished up to 1,000 grit0.18 ± 0.011.40 ± 0.08Fine polished0.11 ± 0.010.68 ± 0.04

### Ti chemical pretreatment {#Sec6}

Titanium coupons were subjected to different chemical treatments as follows:

*A. Passivation method* \[[@CR27]\]: Ti coupons were sonicated for 10 min in each of the following chemicals in succession: acetone (70% by volume), ethanol, and water, respectively. Following sonication in water, the coupons were placed in a 3:7 (v/v) nitric acid--water solution for 30 min at room temperature. Following this treatment, the samples were rinsed with water and placed in a covered water bath for 24 h.

*B. Piranha treatment* \[[@CR27]\]: The coupons were first sonicated for 30 min in 70% isopropyl alcohol. Following sonication, concentrated sulfuric acid was poured into a beaker and 35% hydrogen peroxide was slowly added to a final 7:3 (v/v) ratio of sulfuric acid to hydrogen peroxide and the resulting mixture was then gently mixed. Coupons were immersed for 10 min in this solution before being removed and placed in a second, fresh, piranha solution for 5 min. After this period, the metal coupons were rinsed twice with water before being placed in water bath for 24 h.

*C. Treatment with alkali solution* \[[@CR28]\]: Titanium coupons were ultrasonically cleaned in water, acetone, and ethanol for 20 min each, and finally in water for another 10 min. Subsequently, they were immersed in 5 M NaOH at 60°C for 24 h. After the 24 h period, the substrate plates were gently washed with water and dried under vacuum.

Grafting of PEI and calcium phosphate formation {#Sec7}
-----------------------------------------------

Grafting of PEI on chemically pretreated Ti surfaces was performed in a two step process as shown in Scheme [1](#Sch1){ref-type="fig"}. During the first reaction step, titanium coupons, treated with NaOH and thoroughly dried under vacuum, were immersed into (3-chloropropyl)triethoxysilane and allowed to react with the -O^--^Na^+^ groups, present on Ti surface, under argon at room temperature for 24 h. Subsequently, the temperature was raised at 95°C for 24 h to complete the hydrolysis-condensation reactions. Finally, the coupons were repeatedly rinsed with acetonitrile to remove unreacted species and dried under vacuum. For the next reaction step which involves the reaction of the chloropropyl moieties with the tertiary amine groups of hyperbranched PEI, the coupons were immersed into a 10% wt PEI solution in acetonitrile/methanol (3:1 v/v) and allowed to react under argon for 24 h at 75°C. Coupons were washed with methanol and dried under vacuum.Scheme 1Schematic representation of the reaction steps carried out for the development of a chemically attached hyperbranched polymeric layer to alkali treated Ti surface

Calcium phosphate formation on PEI grafted Ti coupons was carried out by immersing these coupons in 0.1 M CaCl~2~ solution at 0°C and subsequent addition of an equal volume of 0.06 Μ Na~2~HPO~4~ solution. The reaction vessel was either kept at room temperature for 1 day or hydrothermally treated either at 80°C for 16 h or at 130°C for 6 h in an autoclave (Steroclave, TKA, Italy). Finally, the samples were repeatedly washed with water and allowed to dry under vacuum.

Characterization methods {#Sec8}
------------------------

The successive modifications on titanium surface were monitored by Fourier Transformation Infrared (FTIR) spectroscopy employing a Nicolet 6700 Fourier Transformed Infrared spectrometer equipped with an attenuated total reflectance accessory with diamond crystal (Smart Orbit, Thermo Electron Corporation). Fine polished samples were employed for this purpose and spectra were recorded at 4 cm^−1^ resolution. Scanning electron microscopy (SEM) (JEOL 6380 LV) combined with Energy Dispersive Microanalysis (EDS, OXFORD INCA ENERGY 250 Premium Resolution 10 mm^2^/133 eV, LN~2~) were also employed to investigate the morphology and chemical composition of Ti surface after each treatment and coating deposition. Further, X ray photoelectron spectroscopy (XPS) analysis was performed on fine polished samples in a KRATOS Axis Ultra^DLD^ using monochromatic Al Kα radiation (*hν* = 1,486.6 eV). The spectra were acquired at 0^o^ angle of emission in hybrid mode (i.e. using both electrostatic and magnetic lenses). In hybrid mode the area of analysis is determined by the slot aperture (approx. 700 microns × 300 microns). Both survey and high resolution scans were acquired at pass energies 160 and 20 eV, respectively. The analysis was performed under ultra high vacuum conditions with the pressure in the analysis chamber being 10^−9^ torr. XPS quantification was performed using KRATOS sensitivity factors and the high resolution scans. Charge compensation was achieved by using low energy electrons from a flood gun and charge correction was done using the Ti2p for pure Ti (453.86 eV) \[[@CR29]\] and C1 s for C--C/C--H at 285 eV \[[@CR30]\].

Evaluation of bioactivity in SBF {#Sec9}
--------------------------------

Ti samples, after the various chemical pretreatments employed or after chemically attaching PEI were submerged in an SBF solution to monitor calcium phosphate layer growth and indirectly assess their bioactivity. The Tas-SBF solution (27 mM HCO~3~^−^ Tris--HCl SBF), which is considered to favour the formation of calcium phosphate coatings compared to other SBF formulations \[[@CR31]\], was selected for this purpose. The different samples examined were kept in Tas-SBF at a constant temperature of 37°C and at a pH value fixed at the physiological value of 7.4 for a period of up to 28 days. The solution was renewed every 48 h to keep its properties constant during all this period. Monitoring of calcium phosphate formation was made by removing samples from SBF after 1, 3, 5, 7, 14 and 28 days. The morphology and microstructure of deposited layers were analysed by SEM combined with EDS as described in Sect. [2.4](#Sec8){ref-type="sec"} and by X-Ray diffraction (XRD, Siemens D5000, Cu, Ka). Their thickness was also estimated by SEM analysis on cross sectional samples produced via careful sectioning and standard metallographic preparation procedures.

Results and discussion {#Sec10}
======================

Chemical pretreatment of Ti {#Sec11}
---------------------------

Covalent attachment of silicon compounds on Ti surface is based on the intrinsic ability of silanol groups to react with the hydroxyl groups present on the oxidized layer of an activated, after appropriate chemical pretreatment, metal surface. Therefore, Ti surface pretreatment is an essential prerequisite for a successful and reproducible silanization. For this purpose, various chemical pretreatments of Ti surface, as described in the experimental section, were examined. As shown by SEM analysis, NaOH treatment formed a porous surface layer (Fig. [1](#Fig1){ref-type="fig"}a), while EDS analysis (Fig. [1](#Fig1){ref-type="fig"}d) revealed the presence of Na, Ti, and O atoms (2.7, 35.0 and 62.3 at%, respectively) confirming the formation of sodium titanate gel layer in accordance with literature \[[@CR15], [@CR28]\]. Other pretreatments such as the passivation method or the piranha treatment did not give comparable results. In these cases, the surface of Ti did not exhibit the porous network observed after NaOH treatment (Fig. [1](#Fig1){ref-type="fig"}b and c). Furthermore, these two pretreatments did not lead to successful silanization and PEI grafting on the surface and as a result non homogeneous formation of calcium phosphate layers was evidenced by SEM (inserts in Fig. [1](#Fig1){ref-type="fig"}b and c) and EDS (*lines 2* and *3* in Fig. [1](#Fig1){ref-type="fig"}e and f).Fig. 1SEM secondary electron images (**a, b, c**) and respective EDS analysis (**d, e, f**) of fine polished Ti surface after different chemical pretreatments: (**a**) 5 M NaOH, (**b**) piranha and (**c**) passivation pretreatment. Inserts in images (**b**) and (**c**): calcium phosphate grains inhomogeneously distributed on Ti surface after the respective chemical pretreatment followed by the silanization, PEI grafting, calcium phosphate formation and hydrothermal treatment steps. *Lines 1*, *2* and *3* in images (**e**) and (**f**) correspond to: EDS pattern of Ti surface after the chemical pre-treatment (*line 1*), EDS pattern of the final surface after coating with calcium phosphate and hydrothermal treatment at 80°C (*line 2*) and EDS point analysis on calcium phosphate grain (*line 3*)

Ti surface functionalization {#Sec12}
----------------------------

The development of a firmly attached calcium phosphate layer on Ti surface was pursued by chemically attaching a PEI layer on Ti surface, which is expected to enhance calcium phosphate deposition from SBF due to the intrinsic property of poly(amines) to biomimetically induce hydroxyapatite nanocrystals formation through, basically, electrostatic interactions \[[@CR19]--[@CR25]\]. Grafting of PEI was carried out in two stages (Scheme [1](#Sch1){ref-type="fig"}), specifically by first chemically attaching on Ti surfaces of a trietholyethoxysilane film bearing in addition a functional group, i.e. an alkylchloride moiety, which can, at a second stage, react with PEI.

In the first step, the triethoxysilane derivative was allowed to react with surface ONa groups present on the NaOH treated titanium surfaces. Experiments have shown that this reaction proceeds satisfactorily only for Ti treated with alkaline solution and not with passivated or piranha treated Ti. Therefore any following experiments concerning PEI grafting were performed using only NaOH treated surfaces. Grafting of (3-chloropropyl)triethoxysilane on Ti was followed by hydrolysis of the ethoxy groups under ambient conditions leading to the formation of silanol groups which, upon increasing the temperature to 95°C, either polycondensate via formation of Si--O-Si bonds \[[@CR32]\] and, more importantly, form chemical bonds with the -O^--^Na^+^ groups present on the titanium surface. As a result an organosilicon layer functionalized with chloropropyl moieties is produced that is chemically bonded to the titanium surface via Ti--O-Si bonds. The second step involves the Menshutkin reaction between the chloropropyl moieties of the organosilicon layer and the tertiary amines of PEI, leading to the formation of quaternary ammonium groups and the covalent attachment of the polymer on Ti surface.

At the final step calcium phosphate formation on PEI functionalized layer was realized by the addition over the PEI functionalized surfaces of CaCl~2~ and Na~2~HPO~4~ solutions to a final 10:6 Ca:P molar ratio. Hydrothermal treatment at 80°C for 16 h, or at 130°C for 6 h in an autoclave was employed to affect the crystal morphology and particle size. The hydrothermal method usually affords materials with a high degree of crystallinity and has been employed, among others, in the synthesis of hydroxyapatite in the presence of amido, carboxylic or hydroxy terminated dendrimers \[[@CR22]--[@CR24]\] since it has been suggested that at room temperature the kinetically favorable but metastable OCP phase is preferably formed \[[@CR33]\].

All the above steps were monitored employing FTIR, XPS and SEM/EDS analyses, the results of which are discussed in the following sections.

### FTIR analysis {#Sec13}

The FTIR spectra in the range 4,000--400 cm^−1^ of the final and the intermediate products are shown in Fig. [2](#Fig2){ref-type="fig"}. After the treatment with NaOH, a variety of groups can be indentified proving its effect on Ti surface. The low intensity broad band in the 3,200--3,600 cm^−1^ region and the band centered at 1,625 cm^−1^ are assigned to O--H stretching and deformation vibrations of weakly bound water giving evidence for the existence of Ti--OH or Ti = O groups \[[@CR34]\]. The main characteristic absorption bands corresponding to the bending vibrations of the Ti--O groups (bands with maxima at 506 and 448 cm^−1^) \[[@CR35]\] are merged into a broad peak centered at \~480 cm^−1^. The shoulder at 878 cm^−1^ is characteristic of the Na--O bending of the Na--O--Ti bond of sodium titanates \[[@CR35], [@CR36]\], whereas the very small peak at 1,061 cm^−1^ can be attributed to the respective bending vibration H--O--Ti of the hydrotitanates \[[@CR35]\].Fig. 2FTIR spectra of Ti surface after: (**a**) chemical pretreatment with NaOH, (**b**) silanization with (3-chloropropyl)triethoxysilane, (**c**) covalent attachment of PEI and (**d**) hydrothermal treatment at 130°C for calcium phosphate formation

After the reaction of Ti coupons with (3-chloropropyl)triethoxysilane the formation of a chloropropyl siloxane polymer layer can be evidenced in the respective FTIR spectrum. Stretching and bending vibrations of the methylenes of the propyl moiety are clearly visible (Fig. [2](#Fig2){ref-type="fig"}), while the stretching vibrations of the *trans* and *gauche* configurations of the C--Cl bond are present at 695 and 646 cm^−1^ respectively \[[@CR37]\]. The formation of the siloxane bridges is evident from the merged antisymmetric and symmetric stretching vibrations of the Si--O--Si bond (1,021 cm^−1^) and bending vibration (793 cm^−1^). A small peak present at 968 cm^−1^ indicates the presence of an amount of silanols. Although there is evidence for Ti--O--Si bond formation from the respective stretching vibration appearing as a small shoulder at 910 cm^−1^ \[[@CR38], [@CR39]\], definitive proof for the chemical anchoring of the polymeric siloxane onto the titanium surface is given in the XPS analysis section below.

The covalent bonding of hyperbranched PEI to the above mentioned siloxane polymer layer via reaction of propyl chloride with tertiary amino groups is evidenced in the respective IR spectrum by the significant decrease of the intensity of the peaks at 695 and 646 cm^−1^ attributed to the stretching vibrations of the C--Cl bond. In addition, the stretching band of Si--O--Si is overlaid by a broad peak (1,100--1,020 cm^−1^) attributed to the stretching vibration of C--N bonds of PEI's primary, secondary and tertiary amines. The symmetric and asymmetric N--H bending modes of protonated quaternary (NH~4~^+^) and non protonated amino groups are also present at 1,469 and 1,512 cm^−1^.

The formation of calcium phosphate on PEI grafted Ti surfaces was also confirmed by IR spectroscopy. The respective bands of phosphate groups \[[@CR40], [@CR41]\] dominate the spectrum of the final organic--inorganic material covering almost completely the other peaks. The bands at 571 cm^−1^ and 614 cm^−1^ attributed to the excited *ν*~4~ mode of PO~4~^3-^ groups (O--P--O bending vibrations) is merged with the band of titanate at 480 cm^−1^ resulting in an apparent shift of the latter to 530 cm^−1^. The broad vibration bands due to the coupling effect of *ν*~1~ and *ν*~3~ stretching modes of PO~4~^3−^ are present at 920 cm^−1^ and 1,058 cm^−1^, respectively. The IR band assigned to deformation vibrations of absorbed H~2~O groups has been slightly shifted to 1,620 cm^−1^ probably due to the different environment of the absorbing material.

### XPS analysis {#Sec14}

XPS analysis confirmed that the surface of untreated Ti was covered by an oxide layer of a thickness less than 6.6 nm and a small amount of OH groups (Fig. [3](#Fig3){ref-type="fig"}a \[sample 1\]) in agreement with literature data which report the formation of a thin TiO~2~ layer of a thickness about 4 nm on Ti surface upon exposure to air \[[@CR42], [@CR43]\]. The oxide thickness was estimated by considering that for normal photoemission (zero angle of emission) the XPS analysis depth is estimated as *d* = 3*λ*, where *λ* is the attenuation length of the photoelectron. Assuming that the Ti 2p photoelectron is attenuated by a continuous TiO~2~ film, the *λ* value was calculated to be 2.2 nm \[[@CR44]\].Fig. 3XPS spectra (**a**): O1 s, (**b**) survey scan, (**c**) Ti2p~3/2~, (**d**) N1 s, (**e**) Cl2p, (**f**) P2p. Sample 1: Ti untreated; Sample 2: Ti NaOH pretreated; Samples 3 and 4: Ti after 1st reaction step and after 2nd reaction step (see scheme [1](#Sch1){ref-type="fig"}), respectively; Samples 5, 6 and 7: Ti coated with calcium phosphate formed at room temperature, after hydrothermal treatment at 80°C and after hydrothermal treatment at 130°C, respectively. Peak labels at Fig 3b: 1: Ti 3p, 2: Ti 3 s, 3: Si 2p, 4: Si 2 s, 5: Cl 2p, 6: Cl 2 s, 7: C 1 s, 8: Ca 2p, 9: Ti 2p, 10: O 1 s, 11, Ti 2 s, 12: O *KLL*, 13: Ti *LMM*, 14: Ti *LMM*, 15: C *KLL*, 16: Cl *LMM*

Upon NaOH treatment, the oxygen surface content has been increased from 53.5 at% to 56.0 at% and furthermore the Na content was 5.7 at% in accordance with EDS results taking into consideration the very low depth of XPS analysis compared to EDS. Additionally, the OH^--^/O^2--^ ratio (Fig. [3](#Fig3){ref-type="fig"}a \[sample 2\]) decreased, whereas the absence of metallic Ti was attributed to the increased surface oxide layer thickness (\>6--7 nm).

XPS survey spectra (Fig. [3](#Fig3){ref-type="fig"}b) after the first reaction step (treatment with (3-chloropropyl)triethoxysilane, Scheme [1](#Sch1){ref-type="fig"}) revealed, as expected, the presence of new species, i.e. Cl (5.9 at%) and Si (10 at%). Further, Na was found substantially reduced (0.9 at%) in this case, whereas C was 39.6 at%.

XPS O1 s spectra (Fig. [3](#Fig3){ref-type="fig"}a \[sample 3\]) after the first reaction step show two peaks at 530.8 eV and 532.7 eV that are attributed to the presence of Ti--O--Si and Si--O--Si bonds, respectively. The ratio of intensities of these peaks suggests strongest presence of the silicon oxygen bridges at the outmost surface. It is interesting to note that the peak at 530.8 eV is slightly shifted at 0.3 eV higher binding energy compared to the NaOH treated or untreated Ti coupons. Thus, this shift can be tentatively assigned to the formation of Ti--O--Si bonds at the expense of Ti--O--Na bonds.

The Ti 2p peak shifts marginally by 0.15 eV to higher binding energy (Fig. [3](#Fig3){ref-type="fig"}c \[sample 3\]). Although this shift is close to the experimental error, ±0.1 eV, it can also indicate that now Ti shares an O atom with Si. Further, the Cl 2p3/2 peak is observed at 200.3 eV, which corresponds to the presence of a chloropropyl moiety \[[@CR45]\].

After the second reaction step (reaction of chloropropyl groups with PEI tertiary amino groups, Scheme [1](#Sch1){ref-type="fig"}), a further increase of carbon (45.9 at%) as well as the appearance of N (13.5 at%) was observed. The N1 s shows its main peak at 399.3 eV (*peak A* in Fig. [3](#Fig3){ref-type="fig"}d) and a shoulder at the high binding energy site at about 400.8 eV (*peak B* in Fig. [3](#Fig3){ref-type="fig"}d) that corresponds to protonated quaternary amino groups. These groups correspond to 30% of the total nitrogen groups of PEI as determined by not shown peak fitting analysis. From the known ratio of primary:secondary:tertiary amino groups of PEI (1:1.15:1), one can easily deduce that the percentage of tertiary amino groups in PEI that can react with the chloropropyl groups affording quaternary groups is 31.5%. Since 30% of the amino groups in the final product are quaternized, it is evident that the reaction has been driven almost into completion (conversion \~95%). Additionally, the Cl 2p~3/2~ main peak appears at about 197.5 eV (the 2p~1/2~ of the doublet appears at 199 eV) indicating the presence of Cl^--^ (Fig. [3](#Fig3){ref-type="fig"}e). Furthermore, the high binding energy component of the Cl 2p~3/2~ peak at 200.3 eV (the equivalent Cl 2p~1/2~ appears at 201.8 eV) can be observed, indicating, after peak fitting analysis (not shown), that 60% of the chloropropyl groups were reacted with PEI.

Finally, after the addition of CaCl~2~ and Na~2~HPO~4~ solutions on PEI grafted Ti coupons and the subsequent hydrothermal treatment at two different temperatures, XPS analysis reveals the presence of Ca and P species and an increase in O content (44 at%). The Ca/P ratio found was close to 0.5, in agreement with EDS analysis, confirming that a precursor of hydroxyapatite calcium phosphate phase, e.g. monobasic calcium phosphate monohydrate (MCPM) or an amorphous phosphate layer was formed \[[@CR46], [@CR47]\]. It should be noted that treatment at room temperature leads to significantly lower calcium phosphate deposit since P and Ca content are approximately 4.5 times lower compared to the respective values obtained in case of hydrothermal treatment at 80 or 130°C (Fig. [3](#Fig3){ref-type="fig"}f).

### SEM/EDS analysis {#Sec15}

In agreement with FTIR and XPS analysis, SEM studies combined with EDS analysis confirmed that the active layer developed on Ti surface after its treatment with the alkaline solution is the basis for the production of very homogeneous coatings (Fig. [4](#Fig4){ref-type="fig"}a, b) with respect to the polymeric layer as well as the calcium phosphate layer produced hydrothermally (at 130 or 80°C). EDS analysis revealed the presence of Si, Cl and C atoms in addition to Na, Ti and O in the first case (Fig. [4](#Fig4){ref-type="fig"}c) and, additionally, Ca and P atoms in the latter case (Fig. [4](#Fig4){ref-type="fig"}d). The atomic ratio of Ca/Ti in the final phosphate coating was found to be ca. 0.5 in full agreement with XPS studies.Fig. 4SEM secondary electron images (**a** and **b**) and respective EDS analysis (**c** and **d**) of Ti surface fine polished and chemically pretreated with NaOH 5 M: (**a**) and (**c**) after surface silanization and PEI covalent attachment; (**b**) and (**d**) after coating with calcium phosphate and hydrothermal treatment at 130°C

Bioactivity studies in SBF {#Sec16}
--------------------------

The bioactivity of surface modified Ti coupons, through the coating procedures developed, was studied by evaluating, employing SEM/EDS and XRD analyses, the hydroxyapatite evolution in SBF for a period of up to 28 days. The study compared the effect of the different parameters of the methodology adopted on calcium phosphate formation and specifically the hydrothermal treatment temperature employed for calcium phosphate formation on PEI functionalized Ti surfaces and the level of Ti surface polishing. Additionally, the comparison study comprised uncoated samples treated with NaOH and samples after surface silanization and PEI covalent attachment.

The XRD spectra of Ti coupons coated with calcium phosphate after hydrothermal treatment at 80°C following their immersion in SBF for various time periods are shown in Fig. [5](#Fig5){ref-type="fig"}. In general, XRD analysis showed that, irrespectively of the coating parameters, the hydroxyapatite main characteristic peaks (JCPDS 9-432) appear in all samples after some immersion period in SBF. The characteristic Ti peaks (JCPDS 44-1294) of the substrate are also present in all diffractograms. However, as the immersion time in SBF is prolonged, the intensity of Ti peaks is reduced whereas that of hydroxyapatite peaks is increased continuously (Fig. [5](#Fig5){ref-type="fig"}a) denoting the progressive evolution of hydroxyapatite layer on the surface. This behaviour is similar in all the cases examined, although differences in peaks intensity for the same immersion time can be noticed among the various samples. In fact, the main hydroxyapatite peak can be detected after 7 days in SBF and is prominent after the 28 days immersion period (Fig. [5](#Fig5){ref-type="fig"}b) when the thickness of the hydroxyapatite layer has reached 10--15 μm (Fig. [6](#Fig6){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}) depending on the case under evaluation.Fig. 5**a** XRD patterns after 0, 1, 3, 7, 14 and 28 days immersion in SBF; **b** detail of the 28 days immersion XRD pattern. Ti coupons were coated with calcium phosphate and hydrothermally treated at 80°C. (*H* hydroxyapatite, *T* Ti, *o* NaCl)Fig. 6Cross section under SEM of calcium phosphate layer after immersion in SBF for 28 days (polished sample coated with calcium phosphate after hydrothermal treatment at 80°C)Table 2Calcium phosphate layer evolution in SBFSampleHydrothermal treatment temperature (°C)Polishing levelThickness of calcium phosphate layer after immersion in SBF (μm)7 days immersion14 days immersion28 days immersionCalcium phosphate coated130Fine polished5.5 ± 0.58.5 ± 0.914.3 ± 1.080Fine polished5.3 ± 0.57.5 ± 0.813.0 ± 1.0130Polished up to 1000 grit2.7 ± 0.55.5 ± 1.011.7 ± 1.2130Unpolished1.5 ± 0.44.0 ± 1.310.7 ± 1.6PEI coated--Fine polished5.0 ± 0.56.8 ± 0.710.6 ± 0.9NaOH treated--Fine polished1.3 ± 0.11.7 ± 0.47.0 ± 0.9

SEM combined with EDS studies are in agreement with the XRD analysis revealing the progressive evolution of calcium phosphate phase on Ti after immersion in SBF. For the fine polished samples coated with calcium phosphate after hydrothermal treatment at 130°C, spherical calcium phosphate particles (in the nm scale) spread all around the surface area can be easily observed even after an immersion period of only 24 h (Fig. [7](#Fig7){ref-type="fig"}a). This layer develops continuously and after 7 days of immersion fully covers the surface consisting of spherical agglomerates of a mean diameter of 2--3 μm (Fig. [7](#Fig7){ref-type="fig"}c). After this initial period, the evolution is continuous with regard to both the thickness of the layer formed (Table [2](#Tab2){ref-type="table"}) and the size of spherical agglomerates (Fig. [7](#Fig7){ref-type="fig"}d, e). The Ca/P molar ratio measured by EDS analysis on these calcium phosphate layers is also increased from 0.5, which was measured immediately after the hydrothermal treatment, to a value of ca. 1 after 3 days immersion. The ratio continuously increases to ca. 1.2 after 5 days and to ca. 1.5 after 7 days, whereas after 14 days in SBF the ratio determined was ca. 1.65 indicating the complete formation of hydroxyapatite. These results are in good agreement with Zang et al. \[[@CR48]\] who report a similar evolution behaviour for the calcium phosphate formed in SBF upon a copolymer coating covering the Ti surface.Fig. 7SEM secondary electron images of deposited calcium phosphate layer after immersion in SBF: **a**--**e** fine polished samples, chemically treated with NaOH and coated with the PEI and the calcium phosphate layer after hydrothermal treatment at 130°C immersed in SBF for: **a** 1, **b** 5, **c** 7, **d** 14 and **e** 28 days; **f** fine polished sample bearing a calcium phosphate coating hydrothermally treated at 80°C immersed in SBF for 7 days. (Images of higher magnification in inserts)

The temperature of hydrothermal treatment does not considerably affect the calcium phosphate evolution rate in SBF as the measurement of the layer thickness reveals (Fig. [6](#Fig6){ref-type="fig"}, Table [2](#Tab2){ref-type="table"}). Indeed, the examination under SEM of samples' cross sections was in agreement with XRD analysis confirming a progressive evolution of calcium phosphate layer deposited during immersion in SBF (Table [2](#Tab2){ref-type="table"}). The thickness of this layer became measurable after 7 days when it reached 1--5 μm and continued increasing with a rate depending on sample case. The Ca/P molar ratio evolution also shows the same behavior as in the previous case. However, for the same immersion time, a finer microstructure of the deposited layer can be observed when hydrothermal treatment was performed at 80°C (Fig. [7](#Fig7){ref-type="fig"}f) compared to the layer formed after hydrothermal treatment at 130°C (Fig. [7](#Fig7){ref-type="fig"}c).

Ti surface roughness (Table [1](#Tab1){ref-type="table"}) was the second parameter examined for its effect on Ti surface bioactivity. At a first stage, surface roughness proved affecting the homogeneity of the hydrothermally treated calcium phosphate layer. In case of fine polishing, a very thin and homogeneous calcium phosphate layer was deposited (Fig. [4](#Fig4){ref-type="fig"}b). As the polishing level was gradually reduced the surface coverage by calcium phosphate was decreased considerably. It should be noted that the deposited material formed scarcely dispersed agglomerates apparently due to preferred nucleation at edge points. The initial, reduced, homogeneity of calcium phosphate layer that was developed on rough surfaces after hydrothermal treatment, affected also the homogeneity of the calcium phosphate layer formed, at a second stage, in SBF and consequently its bioactivity. The more homogeneous initial coatings deposited on the fine polished surfaces lead in turn to a more homogeneous evolution of calcium phosphate in SBF resulting finally in apatite layers of uniform and greater mean thickness (Table [2](#Tab2){ref-type="table"}). However, the final microstructure obtained is similar with that on top of fine polished samples.

For comparison purposes, fine polished Ti samples chemically pretreated with NaOH without any further coating, or samples having only the PEI layer covalently attached, were immersed in SBF and evaluated in terms of their bioactivity. In both cases, a calcium phosphate layer of similar morphology (Fig. [8](#Fig8){ref-type="fig"}) to that already described was developed over time but with a lower evolution rate as revealed by both the surface morphology examination and layer thickness measurements. This evolution rate was significantly reduced in the case of NaOH treated coupons, but it was quite high when the surface was covered with the PEI layer (Table [2](#Tab2){ref-type="table"}) demonstrating that this layer possesses by itself a very good bioactivity. The accelerated hydroxyapatite formation rate when Ti is covered with PEI compared to the respective rate of chemically pretreated only Ti, exemplifies the role of PEI in the process, which interacts electrostatically with growing calcium phosphate crystals modifying at the same time the interfacial properties of Ti. In this way, PEI can be considered as playing a role analogous to that of proteins in the biogenesis of hydroxyapatite contributing to its biomimetic synthesis in this case. This could also lead to the conclusion that the additional step of calcium phosphate coating employing hydrothermal treatment at elevated temperatures could be avoided. However, if such surface functionalized materials are going to be utilized as implants in practice, this step is necessary in order to provide, from the very beginning of its application, a biocompatible, osteoconductive and non-immunogenic surface.Fig. 8SEM secondary electron images of calcium phosphate surface layer on fine polished, NaOH pretreated and PEI coated Ti sample after immersion in SBF for 7 days

Conclusions {#Sec17}
===========

A hybrid bioactive titanium coating was developed employing a methodology based on covalently attaching, through an intermediate surface silanization step, a hyperbranched poly(ethylene imine) layer on NaOH treated Ti coupons. Further, the deposition of calcium phosphate layer was carried out using a hydrothermal method at two different temperatures. The bioactivity of the modified Ti surfaces was assessed by following the formation of calcium phosphate in SBF at 37°C. Poly(ethylene imine) coated Ti surfaces demonstrated very good bioactivity in SBF accelerating calcium phosphate deposition compared to controls (untreated or only alkali treated surfaces). Almost equally good results were obtained for surfaces bearing the additional calcium phosphate layer after hydrothermal treatment. However, alkali treatment and surface polishing are also critical steps since they facilitate the covalent bonding of the polymeric layer and affect the homogeneity of the final deposited HAP layer, respectively.
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